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Introduction
Since the 70s, fatigue crack closure has been studied by means of finite element modelling [1] . Initially, bi-dimensional models were made and an specific methodology was developed [2] [3] [4] [5] [6] . Recently, the growing computational capabilities have allowed an increment of the number of works made with three-dimensional models [7] [8] . This provided a wider comprehension of the problem, revealing 3D effects in assumed 2D crack [9] [10] [11] [12] .
One of the common characteristic of these models is the difficulty of validation with experimental data. Indirect measurement of fatigue crack closure has been one of the means of results validation. Recently, digital image correlation has been used but the only data available is at the external surface of the model [13] [14] [15] . This makes critical the development of a solid numerical methodology where all the potential sources of results deviation are kept under control.
Initially starting with the methodology used for bi-dimensional cases, a specific methodology for 3D models has been developed by the authors. This paper summarises the main learning and recommendations from our latest 3D numerical modelling experience. Key parameters affecting the model have been analyzed and recommendations have been established with diverse works. The numerical accuracy is evaluated in terms of crack closure and opening values.
Modelling Methodology
The general parameters affecting the numerical model will be briefly outlined in this section. Additional references can be consulted for details [3] [4] [5] [6] [7] [8] . A CT specimen geometry (W = 50mm, a = 20mm) has been modelled. Commercial FE software ANSYS has been used. Fig. 1 shows a scheme with main dimensions. Fig. 2 shows a 3D finite element model where the transition in mesh size can be observed. The 3D problem presents a double symmetry making necessary to model a quarter of the specimen only. Boundary conditions are shown in Fig. 2 . Material behaviour modelling. The material modelled has been an aluminium alloy Al-2024-T351 that shows weak hardening (E=73.5GPa, σ yield =425MPa, K'=685MPa, n'=0.073, being K' and n' the parameter and the exponent in the Ramberg-Osgood yielding model). This material was numerically modelled in different ways by bi-dimensional models and considering both isotropic and kinematic hardening rules. No differences were found in the results when a weak work hardening rule is considered, as is this case (H/E=0.003). Only noticeable differences were obtained for H/E ratios above 0.03. These is a key aspect as some modelling issues are dependent of this behaviour (as the number of cycles per node release).
Load cycles and crack growth scheme. Constant amplitude loading conditions with crack growth are modelled in this work. The crack growth scheme is another key aspect. Due to the computational cost, it is not possible to calculate all the cycles involved in a real fatigue problem using the finite element method. So, the crack advances by node releasing according to the element size. A balance between mesh size, plastic wake length developed and the number of cycles must be found. Crack growth is carried out changing the boundary conditions. A node is released at each load cycle in order to obtain a strain field as continuous as possible. The most appropriate moment to release the nodes during the load cycle is an open question. In our work, nodes have been released at maximum load because we have observed lower numerical instabilities and it has more physical sense. Another issue is the number of load cycles between node releases, this is highly dependent on the hardening rule. With a weak hardening rule, one node per cycle is valid.
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Advances in Fracture and Damage Mechanics XVII Opening and closure definition. There are two different criteria widely used in the bibliography [2] . The first one is based on the displacements of the first node behind the crack front, while the second one is based on the stresses at the crack tip. Both criteria have been employed in our work, in order to compute crack opening and closure values. The first one, based on displacements, considers the opening when the first node behind the crack front separates from the contact area. It is denoted as node contact criterion (represented with subscript nc). The stress field based criterion defines opening or closure in terms of the change of the sign of the normal stress at the node located at the crack tip. This criterion is denoted as tip tension (represented with subscript tt). Additionally, crack opening is denoted with the subscript op and closure as cl. Thus, K ncop and K ttop represent the opening values determined by the node contact and the tip tension criteria respectively, while K nccl and K ttcl is crack closure.
Meshing and Element Size
Due to the stress and strain field high gradients present at the area surrounding the crack tip, meshing this area becomes the most critical aspect in these models. The minimum elements size used close to the crack front must be carefully selected as it influences strongly the stress and strain field and consequently crack closure. In order to capture properly this effect, the size of the elements around the crack tip must be very small. A huge transition from this zone to the most remote ones is necessary to avoid an excessive computational cost. The specimen is divided in different areas to facilitate and uniform undistorted mesh around the crack tip and a free mesh with a low number of element in zones where it is not necessary (as seen in Fig. 2 ).
There has been many studies in order to establish the minimum element size [2, 3, 8] . In these studies, the minimum element size is defined in terms of the plastic zone size by means of the following dimensionless term 
where r pD is the plastic zone size according to Dugdale's equation (eq. 2) and s me is the size of the element at the crack tip (minimum element size). A parameter δ is defined as inverse of η (δ =1/ η). This parameter represent a dimensionless minimum element size. In the Dugdale's expression (eq. 2), α is a constraint factor equal to 1 for plane stress and 3 for plane strain. As in this work, a 3D model is considered, α has been taken equal to 1 in order to be higher than any yielded zone size along the thickness.
A wide study of this parameter was made for the 2D case [3] . It was found that there was a dependency of the crack opening values with the minimum element size. Fig. 3a is representative of the main trend observed. It can be seen that for the lower element sizes (η<20), the opening stress increases gradually until they reach values of η in the order of 20-30 divisions of the plastic zone. This is the point that fits McClung recommendation [2] . However, when η is increased the curve starts to change its trend and decreases significantly the opening stress value. This change of tendency has been attributed to the influence of the mesh of the reversed plastic [3] . This effect was observed with others criteria and load cases. Based on this observation a new method was suggested to obtain the crack closure and opening values. It consisted in simulating the problem with different element sizes and obtaining the linear extrapolation in terms of δ toward δ=0. This is visualised in Fig. 3b . The employ of at least three different FE models, with different minimum element sizes was suggested. It also was stated that the minimum element size recommended to minimize the error should to be δ<0.03 for linear elements. This recommendation was applied in early 3D calculations [7] as no study has been done for the 3D case. Later on, this study was repeated for the 3D case [8] . The main difference was that in the 3D case, several values are obtained along the crack front. Fig. 4a shows the results obtained along the thickness for R=0.1 considering η=90. The horizontal axis corresponds to the position along the thickness (z, in mm), the minimum value represents the mid-plane and 1.50 is the specimen surface (b=3mm, specimen thickness). Due to the symmetry, only a half of the specimen thickness is plotted. The case represented in this figure corresponds to a load ratio R=0.1 and K=25 MPa·m 1/2 . The first effect we can see is how crack closure is more prominent close to the surface of the specimen, as it was expected according to previous studies [7] . There is an exterior "transition zone" in which crack closure is greater than the value achieved at the interior. The same trend is observed for others R ratios and loads. The evolution of the results with the element size in terms of δ has also been plotted in Fig 4b. for different positions along the thickness. In this case the evolution is more stable than in the 2D case. We can extrapolate the result for δ=0, but the dependency is lower. Analysing other criteria the same behaviour is observed [8] .
Plastic Wake
Crack opening and closure values are directly related to the effect of the plastic wake. So, the minimum length of plastic wake that is necessary to simulate is a critical parameter to study. Two different ways of analysing the minimum crack length can be found in the bibliography. The most usual consists in evaluating the opening and closure values when increasing the crack length until a stabilised value is obtained. In this approach, a regular lattice mesh is necessary along the whole path of the crack and results data must be stored for all the cycles.
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Advances in Fracture and Damage Mechanics XVII (a) (b) Figure 5 . Crack opening in terms of the plastic wake, R=0.1, K=25 MPa·m 1/2 , (a) along the thickness (b) different plastic wake length In our approach [5] , the final crack tip position is kept constant and the difference is the initial point of the crack. This way presents some advantages: the final results are always obtained at the same place, so no meshing differences affects to the results; less data must be stored, only data from last cycle are saved; and it allows a more efficient mesh. A first 2D study was made [5] that provided an exponential relation between the plastic wake simulated and the opening and closure values in plane stress. The necessary plastic wake simulated ranged from one r pD for R=0 to 0.05r pD for R =0.7.
Plane strain results proved that a 0.1r pD plastic wake must be calculated regardless of R.
This study was repeated for the 3D case. Calculations were performed for R=0.1, 0.3 and 0.7 and different plastic wake lengths (defined as∆a w / r pD ). Fig. 5a shows the crack opening tip tension (K ttop ) values along the thickness for different plastic wake lengths (R=0.1). Results are similar for plastic wake lengths greater than 0.2r pD . The curves basically collapse for higher plastic wakes making unnecessary the computational cost of its simulation. Fig. 5b shows the results obtained for different plastic wake. It can be seen the exponential response and how results stabilize. In general, these results are less restrictive than those observed in 2D studies.
Summary
This paper summarises the main learning and recommendations from the numerical modelling experience of the authors. Key parameters affecting the model have been described. They main issues are the material behaviour, the loading cycles and crack growth scheme, the contact simulation, and the opening and closure definition considered. Special attention has been paid to the meshing and the element size at the crack tip and to the plastic wake simulated.
The influence of the minimum element size on crack opening and closure results has been analysed considering a three-dimensional model. Regarding to the opening and closure analysis, a linear relationship between the results and the minimum element size has been identified. It is possible to calculate the ideal value extrapolating the results with different meshes to an ideal zero mesh size. The error can be minimized when a minimum element size is established as δ<0.015 for K ttop . On the contrary, when considering K ncop ., bigger element sizes are adequate, being the bi-dimensional recommendation of δ<0.03 still acceptable.
Regarding the influence of the plastic wake length, a reduced plastic wake length could be acceptable. A plastic wake extension of 0.2r pD for R=0.1 and 0.1r pD for R=0.3 and R=0.7 would be acceptable given the high computational cost of these calculations. Results obtained in 3D case shown to be less restrictive than those obtained in the 2D case.
